perties of ferrites in described. Results on several materials are presented to indicate the versatility of the technique.
Because of fundamental scientific interest, and in view of the potential applications of ferrites in devices such as variable magnetoelastic delay lines or nonreciprocal elastic surface wave devices, a number of techniques have been developed to measure the fundamental magnetic and elastic properties which determine the behavior of these devices. An excellent survey of both the experimental techniques and results has been published by Le Craw and Comstock [I] . Among the most important of the properties, when considering the choice of material for device application, are the magnetoelastic coupling coefficient and the elastic losses. While the techniques previously developed can yield precise results for these quantities, these techniques often require elaborate specimen preparation, or construction of special equipment. We propose a simple experimental technique using readily available equipment. It is potentially capable of yielding detailed quantitative information, and should be most convenient as a quick qualitative method of choosing materials having sufficiently interesting properties to warrant investigation by more elaborate techniques.
The experiment we propose is based on the measurement of the frequency and Q of acoustical resonances in small ferrite spheres excited by an oscillating magnetic field. Since the frequency is determined by the elastic constants and the sphere diameter, and the coupling by the magnetoelastic constants, such measurements permit the determination of the material parameters of interest. This technique was employed by Le Craw [2], who used a frequency synthesizer followed by a power amplifier to supply the oscillating field, and a sensitive receiver as a detector. The modification we propose is that the sphere of ferrite be placed in the inductance of a marginal oscillator. In our experiments we used a commercial nuclear magne-(*) Work supported by the Joint Services Electronics Program. tic resonance gaussmeter, such as is employed in most laboratories to measure magnetic fields, with the hydrogen-lithium sample replaced by the ferrite sphere resting in the bottom of a thin walled glass tube. A biasing field sufficient to magnetize the sample to saturation as a single domain is applied (i. e. to remove domain walls). The frequency of the marginal oscillator is swept in the usual manner until a resonance is observed. At the frequency corresponding to an acoustic resonance of the sphere, magnetoelastic coupling will excite acoustic oscillations in the sphere. The absorption at resonance is determined by the geometry of the system, the magnitude of the magnetoelastic constants, and the acoustic losses. An equivalent circuit is shown in figure 1.
L represents the inductance of the oscillator. The mutual inductance M is determined by the geometry of the coil and sampIe, and the appropriate rnagnetoelastic coupling coefficients. I, c, and R reflect the elastic properties of the ferrite sample. Assuming the elastic losses are reasonably small, the frequency of resonance is determined by the elastic constants while the Q of the resonance is determined by the acoustic losses. Observation of the strength of the absorption, and absorption line shape allows one to estimate relative values of magnetoelastic coupling coefficients and elastic losses.
To make the results quantitative one would have to tic losses are sufficiently low, they could be measured by pulsing the marginal oscillator and looking at the decay in the acoustic absorption. The measurements we have performed to date have all been made by looking directly at the absorption signal of the marginal oscillator. For most of the observations, the coil and sample were mounted between the poles of a permanent magnet. Modulation coils were placed near the sample. It is difficult to measure Q's greater than about 2 x lo4 by this technique. For higher Q the technique of pulsing the oscillator and looking at the decay would be more useful.
To illustrate the utility of this technique, we present some of the results which have been obtained thusfar.
Acoustic resonances have been observed in single crystals of yttrium iron garnet (YIG), gallium-substituted YIG, magnesium ferrite, cobaIt ferrite, a series of nickel-zinc ferrites, and a hexagonal ferrite of the Y phase. In a highly polished sample of YIG, 15 modes, from T,, (the lowest frequency acoustic mode in a sphere) thru T I ,, , were observed, several of them having Q's higher than 2 x lo4. As Le Craw has observed [3], we see two or three closely spaced resonances corresponding to each mode, rather than a single resonance, because YIG is not elastically isotropic. The resonances associated with each mode are separated in frequency by less than 1 %. Measurements were made on samples of YIG from 112 to 5 mm in diameter. In each case the observed frequency varied inversely as the diameter.
The observations on gallium-substituted YIG (4 ~c M = 400 gauss) indicate that the elastic constants are very nearly equal to those of pure YIG, and the acoustic Q greater than 2 x lo4, but the absorption was smaller by a factor of 10 or more, indicating that the magnetoelastic coupling coefficient is much smaller than in pure YIG.
In the spinel ferrites the measured frequencies can not be interpreted quite as easily. YIG is very nearly elastically isotropic, so that calculations of elastic mode frequencies based on the assumption of elastic isotropy are a reliable guide. But most spinel ferrites are far from isotropic elastically. For an isotropic cubic substance C,, -C,, = 2 C44, were the C's are the elastic moduli. Defining the quantity I = 2 C4,/ (Cl1 -C,,) as a measure of elastic isotropy, I = 1 for a perfectly isotropic material. For YIG, I = 947, while for nickel ferrite I = 1.48, and the elastic anisotropy can hardly be ignored. However, the measurements still permit one to estimate elastic Q and magnetoelastic coupling coefficient.
In a polished sample of nickel zinc ferrite of composition Nio~3Zno,,Fe20,, 0.7 mm in diameter, 30 modes were observed over the frequency range of 3.7 to 29.3 MHz. Each mode consisted of two or three closely spaced resonances. Several of them showed Q's of lo4. It was possible to assign a tentative identification to several of these modes, assuming that the elastic constant C4, is the same in nickel-zinc ferrite as in pure nickel ferrite. Figure 2 shows the resonances as observed on the oscilloscope screen for two of the modes. The upper trace shows a resonance at 7.560 MHz, with a Q of 2 x lo3. The lower traces show two components of a higher mode around 8.35 MHz, with Q of lo4. All of the modes are more strongly coupled than those of YIG. From the variation of the mode frequency with applied magnetic field, we estimate that the magnetoelastic coupling constant in this sample is about twelve times as large as that of YIG. Three other samples of nickel zinc ferrite, with nominal compositions from Nio~,Zno~,Fe204 to Nio~,Zn,,,Fe204, showed very few acoustic resonances, though all four samples had ferromagnetic resonance linewidth in the range of 12 to 15 oersteds. The other samples had poorer stoichiometry. It appears that deviations from stoichiometry may degrade the acoustical Q more than the ferromagnetic resonance linewidth.
Acoustic resonances were also observed in magnesium ferrite, cobalt ferrite, and a hexagonal ferrite of the Y phase. In the magnesium ferrite several modes
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could be identified, some having Q's as high as lo4.
However, these samples were not well polished, and we don't believe these measurements represent the ultimate acoustic Q attainable in this material. Judging from the strength of the absorption, the magnetoelastic coupling coefficient of magnesium ferrite is larger than that of YIG, but considerably smaller than that of nickel ferrite. In the cobalt ferrite and hexagonal ferrite only a few resonances were detected, probably due to the poor quality of the crystals.
In summary, the proposed technique offers a convenient method of obtaining qualitative results with readily available commercially-built equipment, and might be useful for a preliminary investigation of a large class of materials to ascertain if more elaborate experiments are worth undertaking. Measurements as a function of temperature could be readily made. With refinement of the theoretical analysis, it could be developed into a quantitative method of great versatility and convenience.
